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ABSTRACT: We present the structure of a novel solvate adduct 
formed by dissolving ferrocene, FeCp2, in hexafluorobenzene, 
C6F6.  This adduct demonstrates the remarkably strong interac-
tions between the five-membered aromatic rings of FeCp2 and the 
six-membered aromatic ring of C6F6.  These molecular interac-
tions are sufficiently strong and anisotropic to change the temper-
ature of the order-disorder transition of the ferrocene molecule 
from below ca. 164 K to RT.  No solvate adduct could be formed 
between benzene and FeCp2.  These observations will be of par-
ticular relevance to the crystal engineering community whose goal 
is the design of solids with bespoke properties.   
Ferrocene, bis(cyclopentadienyl)iron(II), Fe(C5H5)2 or FeCp2, 
was discovered in 1951, the first and one of the most stable metal-
locenes.1–3  It was a discovery that re-invigorated organometallic 
chemistry, and over the last 68 years, thousands of metallocenes 
and their derivatives have been synthesised, and used as catalysts 
in laboratories and in technological processes.4–5  Solid ferrocene 
exhibits dynamic disorder of the cyclopentadienyl (Cp) rings at 
ambient temperature but transforms to a more ordered structure 
with a semi-eclipsed conformation of the Cp rings below ca. 
164 K.6–9  A fully eclipsed form has been reported in recrystalliza-
tion experiments below 100 K.10  
As one of the few air-stable metallocenes, ferrocene is an ideal 
component for fundamental studies in crystal engineering.  The 
central idea behind our investigation of this and other binary ad-
ducts involving small aromatic molecules is that it is possible to 
use simple ideas of molecular electrostatics to explain observed 
crystal structures, and to predict novel structures.  The first ques-
tion raised in this study was whether benzene and / or hexafluoro-
benzene would form a solvate adduct / co-crystal with ferrocene.  
C6F6 has no dipole but a large positive quadrupole moment (+32 ± 
1.7×10−40 Cm2)11 and FeCp2 has a large negative quadrupole (−30 
± 7×10−40 Cm2)12 similar to that of benzene (−29 ± 1.7×10−40 
Cm2).11  When considering the structure of binary adducts, the 
combination of positive and negative quadrupoles maximizes the 
electrostatic interaction between rings, and generates a face-to-
face pairing of the planar molecules, which form closely-packed 
columns.13–16   
Thus, we sought to synthesise the prototype metallocene solv-
ate adduct, C6F6:FeCp2.  Given the formation of C6F6:FeCp2 and 
our inability to form the benzene analogue, two further questions 
are raised: what is the effect on the physical properties of the 
FeCp2 co-former and, secondly, how do the anisotropic nature of 
interactions between 5- and 6-membered rings differ from the 
interactions between pairs of 6-membered rings, as in e.g. the 
prototypical adduct C6F6:C6H6 and its methyl derivatives?
13–16 
The literature on ferrocene co-crystals and solvates consists of 
studies on true ferrocene adducts17–20 and on ferrocene deriva-
tives.21–23  Pertinent to this study are those involving co-crystals of 
FeCp2 with fluoronated aromatics, e.g. decafluorobiphenyl,
17 
octafluoronaphthelane,18 and decafluorophenanthrene,19 and non-
fluoronated aromatic molecules such as pyrene.20  In the latter, the 
structure is characterized by a side-on interaction between both 
Cp rings and the plane of the pyrene molecule.  By contrast, both 
of the co-crystals of perfluoro molecules and FeCp2 exhibit inter-
actions involving the respective molecular quadrupolar moments 
between the faces of the perfluoroarene and the Cp rings.  
A study of the structure of C6F6:FeCp2 as a function of tem-
perature allows one to probe weak electrostatic interactions in the 
solid state including neighbouring C–F and H–C bond dipoles and 
intermolecular quadrupolar interactions.  Understanding these 
weak interactions has particular importance in the pharmaceutical 
sector, where a variety of fluorinated active pharmaceutical ingre-
dients have been developed.24  This study is of special interest to 
the crystal engineering25–27 and structure simulation28–30 commu-
nities as it highlights and scrutinizes some of the fundamental 
weak interactions that hold molecules together in solid materials.  
The compound C6F6:FeCp2 was synthesized by dissolving fer-
rocene in excess hot C6F6 before allowing the solution to cool 
naturally.  The resulting orange crystals were found to be suscep-
tible to decomposition in the absence of C6F6 vapor, and therefore 
single-crystal X-ray diffraction (SXD) experiments were per-
formed using glass capillaries (see Additional Experimental De-
tails in the Supporting Information).  The structure of C6F6:FeCp2 
was determined by SXD as a function of temperature from 100 K 
up to its decomposition temperature at ca. 309 K, an exact de-
composition temperature being difficult to determine.  Analysis of 
diffracted intensity, unit cell volume, and structure all indicated a 
transition from a structure with ordered FeCp2 molecules (denoted 
phase II) to one with disordered molecules (denoted phase I) at 
about RT (see Figures 1 and 2).  A transition temperature of ca. 
295 K was confirmed by DSC (see Supporting Information).  
At 100 K, the structure of C6F6:FeCp2 is composed of approxi-
mately close-packed columns of alternating C6F6 and FeCp2 mol-
ecules (see Figure S1) with the C6F6 arranged face on to the Cp 
ring.  This optimizes the intermolecular quadrupolar forces be-
tween the two components, which is the main driving force for 
 
structural arrangement.  The columnar arrangement is maintained 
through the order-disorder transition right up to the crystal’s de-
composition into its constituent components.  
 
Figure 1. Unit cell volume (right-hand axis) of C6F6:FeCp2 as a 
function of temperature (data points shown as open squares).  
Mean diffraction intensity of reflections whose hkl indices satisfy 
the extinction condition h + l = 2n + 1 is shown as a function of 
temperature (data points shown as circles).  Different crystals of 
C6F6:FeCp2 used in the experiments are represented as grey (crys-
tal number #4), open (#8), and filled (#10) circles.  Dotted and 
dashed lines are a guide to the eye.  The graph shows that alt-
hough the onset of disorder starts at about 285 K, the transition to 
phase I is close to RT at which point the mean diffracted intensity 
of these reflections has dropped to zero.  
At low temperature (100 K), the FeCp2 molecules in the solvate 
adduct are clearly ordered with eclipsed Cp rings, as can be seen 
at 250 K albeit with larger atomic displacements (see Figure 2).  
However, above the transition temperature at about RT and over a 
narrow range (ca. 10 K) of temperature, the Cp rings are dynami-
cally disordered due to stochastic jump rotations about the 5-fold 
axis of the FeCp2 molecule.  This is in marked contrast to the 
order-disorder behavior in pure FeCp2 where disorder occurs be-
low ca. 164 K.7  This is significant since C6F6, a molecule con-
ventionally thought of as a solvent, has changed the transition 
temperature by ca. 130 K, and hence the physical property of 
FeCp2, by forming a weakly-bound adduct.  
Figure 3 illustrates the face-on interaction between the 5-
membered Cp rings and the 6-membered C6F6 ring in the colum-
nar structure.  As observed in related studies on adducts of C6F6 
with methyl-substituted benzenes,14–16 there is a similar tilt of the 
planes of the C6F6 rings with respect to the column axis (ca. 18° at 
100 K).  However, it is by tilting one aromatic ring relative to the 
other that the most favorable electrostatic interaction is obtained 
between a planar five-membered aromatic ring and a planar six-
membered aromatic ring.  Thus, in marked contrast to methyl-
substituted benzenes, the asymmetric interaction between the C–H 
and C–F bond dipoles of the 5 and 6-membered rings leads to an 
increased tilt of ca. 8.5° between the Cp rings of the FeCp2 mole-
cule and the C6F6 molecules. 
In addition to the quadrupole interactions between facing rings, 
the structure is maintained via the C–H and C–F bond dipole in-
teractions in adjacent columns (see Figure S2).  Furthermore, a 
longer range electrostatic interaction between the central Fe atom 
and F atoms in C6F6 molecules to the side of the FeCp2 may be 
important for columnar integrity.  This intercolumnar interaction 
weakens noticeably with increasing temperature (see Figure S5). 
The ordering of the Cp rings in C6F6:FeCp2 results from the fa-
vorable intercolumnar interactions between the C–F bond dipole 
moments and the FeCp2 molecule.  This is in marked contrast to 
the behavior observed in (C6F5)2:FeCp2, which exhibits disorder 
of the Cp rings down to at least 120 K due to the (C6F5)2 molecule 
impeding sideways interactions with FeCp2 (see Figure S10).
17  
However, the co-crystal formed by C10F8 and FeCp2 in a 2:1 ratio 
results in a columnar structure with alternating FeCp2 and C10F8 
molecules in which the Cp rings adopt an ordered arrangement at 
223 K.18  In addition, the second C10F8 provides the strong side-
ways interaction with the FeCp2 molecule required to order the Cp 
rings (see Figure S11).  
Attempts to produce a solvate with hot C6H6 analogous to the 
pyrene complex20 resulted in the growth of FeCp2 crystals as 
demonstrated by PXRD experiments.  This may be due to unfa-
vorable electrostatic interactions between C6H6 and FeCp2.  Addi-
tionally, experiments involving RuCp2 dissolved in C6H6 and C6F6 
simply resulted in the formation of a massive RuCp2 single crystal 
from the former and polycrystalline material from the latter at 
room temperature, and no adduct.  
 
 
Figure 2. The crystal structure of C6F6:FeCp2 viewed along a showing the evolution of the thermal motion as a function of temperature 
(from data measured at 100 K, 250 K, and 300 K), ultimately leading to complete disorder in phase I close to RT.  Crystallographic label-
ling of the atoms in each phase is shown in Figure S1.  Ellipsoids and spheres are drawn at 50% probability using the program Mercury31 




Figure 3. Figure showing the relative tilts of the two types of 
molecule in a column within the crystal structure of the ordered 
phase II of C6F6:FeCp2 at 100 K.  A dashed black line passing 
through the centers of the C6F6 molecules and the Fe atom shows 
the column axis.  Least-squares planes through the 5- and 6-
membered rings, calculated with the program Mercury31 from 
CCDC, are shown in red.  Closest interactions between F and H 
are shown with a dotted blue line.  
In conclusion, this work demonstrates that a solvent molecule 
can dramatically change the physical property of a co-former in 
the solid state.  In this case, the order-disorder transition in ferro-
cene was engineered to be 130 K higher by complexing with 
C6F6.  Our observations and results support the initial hypothesis 
about the predictive power of simple models of molecular electro-
statics in crystal engineering, e.g. the interaction of the quadru-
pole moments of these planar molecules in defining the architec-
ture of the adducts.  The interactions studied herein are fundamen-
tal to the formation of all co-crystals or solvates dominated by 
weak electrostatic interactions and are of paramount importance 
in crystal structure prediction. 
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